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I. INTRODUCTION
Precessional magnetization dynamics are fundamental to magnetic field and current-driven magnetization processes and underpin switching behavior in applications such as magnetic data storage, where data writing depends on the magnetic damping. Precessional damping plays an important role in a number of emerging technologies, including magnonics and spin transfer torque magnetoresistive random access memory (STT-MRAM) devices. Understanding and controlling damping in thin film systems therefore continues to drive research in this field. It has been demonstrated that damping can be enhanced in both bulk ferromagnetic (FM) [1] [2] [3] [4] and multilayered systems [5] [6] [7] [8] and many studies have addressed the fundamental origin of damping both experimentally and theoretically [1, 3, [9] [10] [11] [12] [13] [14] [15] . Both Co and Ni 81 Fe 19 have attracted a lot of attention due to their common application in magnetic devices. More recently, the influence of heavy-metal (NM) overlayers on the damping in adjacent ferromagnetic (FM) layers has attracted a lot of research interest. In such bilayer systems there are several mechanisms that may lead to the enhancement of damping. Spin-orbit coupling (SOC) and interfacial d-d hybridization enhance the intrinsic damping, while extrinsic enhancement of the damping can arise from two-magnon scattering processes, linked to roughness and defects at the interface region [1] [2] [3] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] . The total precessional damping is a sum of the intrinsic and extrinsic contributions.
In the case of bilayer and multilayer thin films, the strong SOC of the heavy metal layer leads to enhanced damping because of enhanced coupling of the electron spin with the * abarman@bose.res.in † del.atkinson@durham.ac.uk lattice at the interface. This will facilitate the propagation and dissipation of transverse spin current generated by precession in the ferromagnetic layer. NM layers can therefore act as an absorber or sink for spin current pumped across the interface [3, 14] . The spin-current pumped into the adjacent NM layer may either dissipate in the NM layer or diffuse back into the FM layer. This depends on the spin diffusion length (λ sd ) and the effective spin-mixing conductance (g eff ↑↓ ) across the interface [8] . The d-d electron hybridization of the FM/NM layer occurs at the interface and is therefore influenced by topological roughness and intermixing. These factors may also increase the local density of states at the Fermi energy or decrease the bandwidth in the interface region [3, 11, 13, 17, 21] . The specific electronic behavior depends on the materials involved and the damping has been studied in variety of systems, including Au, MgO, Cu, and Ta NM overlayers on FM layers of Co, CoFeB, and Ni 80 Fe 20 [3, 8, 16, 22] .
Moving on to extrinsic damping contributions, two-magnon scattering refers to the scattering of uniform magnetization precession into pairs of magnons with nonzero wave vectors [3, 16, 22] . This can occur when the symmetry of the system is disturbed by structural defects like film roughness and intermixing [1, 3, 21] and will enhance the effective damping of the magnetization precession. Increased intermixing will also enhance the effective spin-mixing conductance [8, 21, 22] , and modifying the interface will affect all of the mechanisms mentioned above [4, 23] . It is therefore of great interest to study the evolution of precessional magnetic damping in FM/NM bilayers as the interface develops as a function of the NM thickness.
A recent theoretical study of FM/NM bilayers by Barati et al. [3] reported the dependence of damping with increasing thickness of the nonmagnetic layer, assuming an ideal flat interface. This predicted that for NM layers the damping depends on the specific material and the layer thickness.
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In particular, for the case of Co/Pt bilayers the magnetic damping was found to increase by more than two times with the addition of a few monolayers of Pt. This theoretical analysis motivates the experimental study of precessional damping as a function of NM capping layer thickness in this work. The experimental study requires well-controlled thin film deposition and also structural analysis in order to establish precise layer thicknesses, interface width, and FM crystal structure.
II. FORMALISM FOR ANALYSIS OF DAMPING
The measured effective magnetic damping α eff can be written as the sum of the bulk, intrinsic and extrinsic contributions,
where α int 0 and α ext are the total intrinsic and extrinsic damping coefficients of the system, respectively. Furthermore, α int 0 can be expressed such that
where G 0 is the bulk Gilbert damping parameter, γ is the gyromagnetic ratio, M s is the saturation magnetization, t FM is the ferromagnetic layer thickness, and α s is the interface contribution to the effective damping [3, 12, 24] . The thickness dependence of the damping enhancement may be explained by a mixture of spin-pumping, d − d hybridization, and two-magnon scattering effects. In this study α eff was measured as a function of the NM layer thickness.
III. EXPERIMENTAL DETAILS
The common and widely utilized ferromagnetic materials Co and Ni 81 Fe 19 were studied with NM capping layers of Pt and Au. Bilayer thin films were deposited by UHV magnetron sputtering from a base pressure ∼10 −8 torr on to thermally oxidized silicon substrate with a 100-nm SiO 2 layer. The complete structure was Si/SiO 2 /FM/NM and the FM layer was deposited directly on the SiO 2 . The selected Co layer thicknesses were either 4 or 10 nm and for the Ni 81 Fe 19 films the thickness was 7 nm. The thicknesses were chosen to maximize the interaction between the films and the incident optical probe. The thinnest capping layers may permit partial oxidation of the FM surface, but adding a further capping layer would make the physical system more complex, which could confuse the results. The study aimed to examine the subnanometer thickness effect of specific NM materials on the damping. Capping layer thicknesses were varied from 0.2 to 10 nm. Dynamic magnetization behavior was studied ex situ using time-resolved magneto-optical Kerr effect (TRMOKE) magnetometry using an all-optical pump-probe technique. More details about the TRMOKE system can be found elsewhere [25] [26] [27] . Structural analysis was carried out using a Bede-D1 diffractometer with a CuKα source for grazing incidence x-ray reflectivity (XRR) to study layer thicknesses and interfacial structure and for x-ray diffraction (XRD) to analyze crystal structure; more information can be found elsewhere [28, 29] . True specular XRR data were obtained by subtraction of the measured forward diffuse scatter and was modeled with simulations generated using the GenX code, which uses a differential evolution algorithm with the Parrat recursive mechanism to simulate the XRR data [30] . XRD results were analyzed to determine the out-of-plane lattice parameter.
IV. RESULTS
Figure 1(a) shows examples of the XRR data obtained from selected samples and the corresponding best-fitting simulations. From the numerical analysis structural parameters were derived, including the layer thicknesses and interface roughness. Table I shows the thickness and roughness of selected FM/NM bilayers. These data were selected because they indicate the width of the FM/NM interfacial region when the NM metal forms a complete layer over the FM layer. The interface width includes topological roughness and intermixing. The interface width is important as it provides an indication of the thickness at which the NM capping layer changes from islandlike coverage to continuous coverage of the FM layer. The structural analysis shows that both Pt and Au form a continuous layer on Co at a thickness greater than ∼0.7 nm, while for Ni 81 Fe 19 the NM capping layer becomes continuous at a thicknesses above ∼0.9 nm. This difference in roughness between the two FM materials may stem from the crystal structure, which XRD shows is fcc for the Ni 81 Fe 19 and hcp for the Co [3, 15, 22] . The Au and the Pt are both fcc. For Au and Pt capping of Co, the interfacial roughness is very similar; however, details of the local atomic arrangement are likely to differ, Co and Pt are miscible while Co and Au are immiscible [31] . The growth of Au or Pt capping layers onto a FM thin film layer begins with the formation of localized islands of the NM material; these expand and develop into a continuous capping layer as the NM thickness increases.
Figure 1(b) shows typical TRMOKE data for selected samples following removal of the ultrafast demagnetization and subtraction of a background signal by fitting with a biexponential function. The background signal represents the initial recovery of magnetization following an optically induced demagnetization and is characterized by two relaxation times of the order of 1 and 20 ps. The shorter time scale is related to electronic thermal bath dissipation to the lattice. The longer time scale is associated with dissipation of energy between the lattice and surroundings, which decreases with the addition of the capping layer. Returning to the figure, the TRMOKE data illustrate the magnetic precession, which show that FM-NM bilayers with certain NM capping thickness are damped faster. The figure also shows the best-fitting curves, which indicate a single-mode damped precession behavior representing the Landau-Lifshitz-Gilbert relation from which the damping coefficient was obtained. The thickness dependence of the capping layer on α eff for Co/Pt and Ni 81 Fe 19 /Pt may be divided into three different regions. With initial increasing Pt thickness the damping first increases rapidly (region I) and then peaks (region II) before falling back to a lower constant level (region III). These different regions are discussed in more detail later. Figure  2(b) shows the precessional frequency, f , and the saturation magnetization, M S , as a function of NM layer thickness for the Co/Pt bilayer. A noticeable similarity of the Pt thickness dependence between M S and f is observed. In particular, both M S and f increase rapidly with Pt thickness between 0.6 and 0.8 nm.
In order to understand the damping mechanisms further a series of TRMOKE measurements were undertaken at different bias fields in order to look for a dependence on the precessional frequency, which can inform on the nature of the damping. Figure 3 shows examples of plots of α eff as a function FIG. 3 . Damping coefficient α eff as a function of precessional frequency for 10-nm Co films capped with 0.6-nm and 2-nm Pt. The extrinsic damping decreases with the increasing Pt thickness until it reaches to negligible extrinsic effect at t NM = 2 nm.
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of f for a discontinuous (0.6 nm) and continuous (2 nm) Pt capping layer on Co. In the case of the discontinuous Pt layer the damping falls linearly with the increase in precessional frequency, while the damping remains almost constant with frequency for the continuous Pt-capped Co bilayer. For a continuous Pt capping layer on Ni 81 Fe 19 the damping is also constant as a function of precessional frequency.
V. DISCUSSION
The complex dependence of α eff with NM layer thickness described in Figs. 2(a) and 2(c) with three characteristic regions can be understood by considering several intrinsic and extrinsic effects occurring at the interface of the FM and NM layers. It is known that d-d hybridization, spin-pumping, and two-magnon scattering are the effective factors for damping enhancement in FM/NM thin films [3, 4, 11, 13, 17, 21, 23] . The experimental results are in agreement with a recent theoretical study [3] where damping increases with increasing Pt capping layer thickness up to a broad peak followed by a decrease to constant value with further increases in thickness. In the experimental work the Co structure is hcp, but fcc in the theoretical; however, a key point is that Pt and Au have fcc structure, which allows direct comparison [32] .
The possible intrinsic contributions to enhancement of the damping in region I can be attributed to d-d hybridization and spin-pumping in the case of the Pt capping layer. Hybridization causes changes in the electronic structure in the interface, whereas spin-pumping allows absorption of angular momentum from the precessing magnetization, giving rise to an enhancement of damping. Both effects are intrinsic in nature.
However, the effect of spin pumping should be very limited over the studied thickness range of Pt, as it is comparable or below the spin-diffusion length, λ sd [12, [33] [34] [35] [36] . Hence, d-d hybridization mainly contributes to the intrinsic enhancement of the damping. The availability of 5d electrons in the NM layer and the opportunity for hybridization with the 3d electrons in the FM at the interface is a key mechanism which enhances the damping. This agrees with previous studies of FM-NM interfaces including the recent theoretical work of Barati et al. [1] [2] [3] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] . Extrinsic contributions to the damping can be attributed to two-magnon scattering, which is related to local variations linked to topological roughness, defects, and impurities at the interface. For discontinuous Pt it is suggested that variations in local electronic properties of the Pt capped and uncapped regions leads to local variation of intrinsic damping, which gives rise to extrinsic damping via twomagnon scattering. The precessional frequency dependence of the damping data (see Fig. 3 ) shows a linear increase in damping with the decreasing frequency for the discontinuous Pt layer, which clearly indicates that extrinsic effects are present in the system when the capping layer is discontinuous.
Following the initial rapid increase in region I, the damping reaches a broad peak in region II. From the structural analysis it is observed that the second region falls into the thickness range where a continuous Pt capping layer is just forming. Beyond this thickness a complete Pt layer is established.
In region III damping falls from its maximum and slowly stabilizes to an intermediate value with increasing Pt thickness.
The independence of the damping on applied field indicates the mechanism here is predominantly intrinsic when the Pt is continuous. The decrease in the damping from the peak primarily represents a reduction in the extrinsic contribution that largely vanishes for higher thicknesses of Pt. Further details of this mechanism in terms of the local arrangement of atoms at the interface are discussed later. It is interesting to observe that the final value of α eff is larger than the uncapped (t NM = 0) value for both Co and Ni 81 Fe 19 . The reason for this is that although at higher thicknesses of Pt the extrinsic contribution is negligible, intrinsic effects from the interface are the dominant contribution to the damping. Theoretical analysis [3] shows some reduction in the intrinsic damping from the peak, along with periodic oscillations due to the formation of quantum well states. Oscillations are not observed in the experiment as the t NM range is too small, but also any oscillations would be lost due to interfacial roughness.
Regarding the mechanism for extrinsic damping, it is suggested that two-magnon scattering is a result of local variation of d-d hybridization of the Co and Pt when the capping layer is discontinuous, leading to localized variations of the intrinsic damping. The miscibility of the NM material changes the local structure. In the case of Pt this can produce Co-Pt clusters or islands at the surface [22] , while for Au this leads to the formation of Au islands on Co in the low-thickness regime [31] . For thin Pt, where the capping layer is incomplete, the formation of clusters or islands at the surface acts to break the translational symmetry leading to regions with higher and lower intrinsic damping due to the distribution of Co-Pt. This is also supported by a study which showed that SOC for Pt is stronger when it is 2D rather than 3D, which increases the local damping of the Co-Pt islands [37] . This inhomogeneous magnetic surface can, therefore, give rise to an extrinsic contribution to the enhancement of the damping. When the Pt capping layer completely covers the Co the interface region is more uniform and the extrinsic contribution vanishes [2, 3, 12, 18] .
It is worth noting that the experimental data [ Fig. 2(b) ] for the precessional frequency and the saturation magnetization, M S , of the Co/Pt system shows an increase in the net magnetic moment as the Pt capping increases. This may be attributed to a proximity induced magnetization (PIM) in Pt [12] . The role of PIM in damping remains a matter of debate [19] . Also, it can be seen that M S for the uncapped Co is lower than expected for bulk Co, which may be related to oxidation of the uncapped Co surface. This is supported by the significant increase in M S when t Pt reaches 0.6 nm where the Pt cap would restrict the oxidation of the Co surface. However, PIM cannot explain the large addition M S when t Pt reaches to 2 nm except the case when Co/Pt thin film have hcp crystal structure, which agrees with XRD in of this study and also with the recent published research [15] .
Comparing the Pt and the Au layers, greater miscibility of Pt is an additional factor affecting the damping and is supported by the XRR structural analysis [31] . As a result, two-magnon scattering is also lower in case of Co/Au. Furthermore, Au has a lower density of electrons in d band states at the Fermi level compared to Pt [38] , which therefore contributes very weakly to the intrinsic damping. to Co/Pt. However, it can be seen from Figs. 2(a) and 2(c) that α eff for Ni 81 Fe 19 /Pt is higher at lower Pt thickness. This may be related to a slightly larger topological roughness and different FM crystal structure, as shown by the structural analysis. The larger enhancement of the damping for the Ni 81 Fe 19 , as compared to Co, may be explained by a higher spin-mixing conductance across the interface for fcc rather than hcp FM interfacial structure [15, 39] . This is supported by the experimental XRD results showing hcp Co and fcc Ni 81 Fe 19 in the FM/NM bilayers.
Bringing together the structural analysis and the discussion of the damping mechanisms the interpretation of the NM capping layer thickness dependence of the ferromagnetic damping is summarized in Fig. 4 , where the structural changes associated with the thickness dependence of the damping are illustrated for regions, I, II, and III. Figure 4 also shows a comparison between the experimental damping data and the theoretical analysis of Co/Pt and Co/Au by Barati et al. [3] . The general trends of rapidly increasing damping to a peak followed by a small reduction and then leveling out of the damping with increasing film thickness are broadly similar between the theory and experiment results. Figure 4 (b) shows some reduction in the intrinsic damping from the peak. In Fig. 4(a) oscillations are not observed as the t NM range is too small, but overall there is good agreement between the Barati et al. study and this work.
Finally, the spin-mixing conductance has been estimated for both Co/Pt and Ni 81 Fe 19 /Pt from the damping data obtained for samples with the thickest Pt layer, where the Pt has formed a complete capping layer and measurements indicate that the mechanism for the enhanced damping is intrinsic. The spin-mixing conductance is related to the change in damping according to:
where g is the Landé g factor, μ B is the Bohr magneton, M eff is the effective saturation magnetization, and g eff ↑↓ is the effective spin-mixing conductance.
Taking literature values for the damping in bulk hcp Co as 0.011 [21] and fcc Ni 81 Fe 19 as 0.010 [30] and saturation magnetization as obtained experimentally, the effective spin-mixing conductance was estimated from the observed saturation enhancement to the damping. For Co/Pt a value of 38 nm −2 was obtained for the spin-mixing conductance, which is comparable with the value recently observed experimentally [19] . In the case of Ni 81 Fe 19 /Pt a value of 125 nm −2 was obtained. This is notably higher than the value obtained for Co/Pt and it is suggested that this may be related to the different crystallographic structures at the interface with the Pt. This is supported by recent work on Co/Ir where the Co structure at the interface was either hcp or fcc [15] .
VI. CONCLUSIONS
In conclusion, precessional magnetization damping has been studied in different FM/NM bilayer thin films with a gradually increasing capping layer thickness starting from the sub-monolayer regime. For Pt capping of Co and Ni 81 Fe 19 the Pt thickness-dependent damping shows an increase followed by a peak and a modest fall to constant value that is higher than the bulk values for Co and Ni 81 Fe 19 . Structural analysis using x-ray reflectivity and x-ray diffraction were used to characterize the interface and the crystallographic structure and aid the interpretation. Both intrinsic and extrinsic mechanisms are invoked to explain the observed magnetic precessional damping behavior. Extrinsic effect occurs when the Pt capping layer is incomplete as it leads to variation in d-d hybridization leading to inhomogeneities in damping which can act to create two-magnon scattering. This extrinsic damping is lost when the Pt layer became continuous over the FM. Finally the effective spin-mixing conductance was estimated for Ni 81 Fe 19 /Pt and Co/Pt. The analysis indicates that the effective spin-mixing conductance is higher in Ni 81 Fe 19 /Pt than Co/Pt and it is suggested that this may be linked to the crystal structure type and the interface properties. The results provide further insight into the mechanism of damping variation in FM/NM bilayer when the interfacial region is gradually formed.
